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Nutrition of ovule, embryo sac, and young embryo in soybean: an
anatomical and autoradiographic study
Abstract
Photosynthesizing soybean plants were exposed to '"0, to study the incorporation of labeled water-insoluble
photosynthates in ovules at various developmental stages. Using autoradiographic techniques on sectioned
material, we show that the distribution of labeled carbon in different ovular tissues is regulated spatially and
temporally. During zygote through globular stages of embryo development, labeled assimilates accumulate in
integumentary tissue adjacent to the micropylar and chalazal poles of the embryo sac. A chalazal vascular trace
and two adfunicular vascular strands are the pathways for accumulation of I4C in these regions. Up through
the proembryo stage, movement of labeled photoassimilates into the lateral regions of the embryo sac seems
blocked by a cuticle-like layer between the endothelium and embryo sac. At the globular embryo stage, the
greatest accumulation of label is still at the chalazal and the micropylar ends of the embryo sac, but
fragmentation of the cuticle-like barrier coincident with cellularization of endosperm allows channeling of
labeled carbon from adjacent integumentary tissue into the embryo sac as well. Autoradiographic evidence for
carbon flow into the embryo sac can be correlated with ultrastructural and morphological changes in time in
ovular and endosperm tissues enclosing the embryo.
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CHAMBERLIN, M.A., HORNER, H.T., and PALMER, .G. 1993. Nutrition of ovule, embryo sac, and young embryo in soybean: 
an anatomical and autoradiographic study. Can. J. Bot. 71: 1153- 1168. 
Photosynthesizing soybean plants were exposed to '"0, to study the incorporation of labeled water-insoluble photo- 
synthates in ovules at various developmental stages. Using autoradiographic techniques on sectioned material, we show that 
the distribution of labeled carbon in different ovular tissues is regulated spatially and temporally. During zygote through 
globular stages of embryo development, labeled assimilates accumulate in integumentary tissue adjacent to the micropylar 
and chalazal poles of the embryo sac. A chalazal vascular trace and two adfunicular vascular strands are the pathways for 
accumulation of I4C in these regions. Up through the proembryo stage, movement of labeled photoassimilates into the 
lateral regions of the embryo sac seems blocked by a cuticle-like layer between the endothelium and embryo sac. At the 
globular embryo stage, the greatest accumulation of label is still at the chalazal and the micropylar ends of the embryo sac, 
but fragmentation of the cuticle-like barrier coincident with cellularization of endosperm allows channeling of labeled carbon 
from adjacent integumentary tissue into the embryo sac as well. Autoradiographic evidence for carbon flow into the embryo 
sac can be correlated with ultrastructural and morphological changes in time in ovular and endosperm tissues enclosing the 
embryo. 
Key words: autoradiography, embryo sac, Glycine, nutrition, ovule. 
CHAMBERLIN, M.A., HORNER, H.T., et PALMER, R.G. 1993. Nutrition of ovule, embryo sac, and young embryo in soybean: 
an anatomical and autoradiographic study. Can. J. Bot. 71 : 1153 - 1168. 
En cours de photosynthkse, des plants de Eve soja ont CtC exposCs A du ' T O 2  afin d'Ctudier l'incorporation de photosyn- 
thCtats insolubles dans les ovules aux divers stades de leur dCveloppement. En utilisant des techniques autoradiographiques 
sur du materiel sectionnC, les auteurs dCmontrent que la distribution du carbone marque, dans les diffkrents tissus de I'ovule, 
est soumise A une rCgulation dans le temps et dans I'espace. Du stade zygote au stade globulaire du dCveloppement de l'em- 
bryon, les assimilats marquCs s'accumulent dans les tissus tkgumentaires adjacents aux p8les micropylaires et chalazales des 
sacs embryonnaires. Une trace vasculaire chalazale et deux cordons vasculaires adfuniculaires constituent le sentier permet- 
tant I'accumulation du I4C dans ces rCgions. Jusqu'au stade du proembryon, le mouvement des photo-assimilats marquCs 
dans les regions IatCrales du sac embryonnaire semble &tre emp&chC par une couche ressemblant A une cuticule, situee entre 
I'endothelium et le sac embryonnaire. Au stade de l'embryon globulaire, la plus forte accumulation de materiel marquee se 
retrouve toujours aux extrCmitCs micropylaires et chalazales du sac embryonnaire, mais une fragmentation de la barrikre de 
type cuticulaire coincide avec la cellularisation de l'endosperme, perrnettant Cgalernent au carbone rnarquC de se dCplacer 
des tissus tkgumentaires adjacents vers le sac embryonnaire. On observe une corrClation entre le suivi autoradiographique 
du mouvement du carbone dans le sac embryonnaire avec les modifications temporelles ultrastructurales et morphologiques 
qui surviennent dans les tissus de l'endosperme enveloppant l'embryon. 
Mots clks : autoradiographie, sac embryonnaire, Glycine, nutrition, ovule. 
[Traduit par la rCdaction] 
Introduction 
Previous studies on  legume in vivo embryo nutrition specu- 
lated on the pathway of nutrient import (Hardham 1976; Thorne 
198 1; Offler and Patrick 1984; Folsom and Cass 1986). These 
studies concentrated on  anatomical and cellular features of the 
ovule (distribution of plasmodesmata, wall ingrowths, and 
vascular tissue) without confirmation of developmental data. 
IJoint contribution of the Iowa Agriculture and Home Economic 
Experiment Station, Ames, journal paper No. 5-15207, project 
No. 2985, and the USDA - ARS FCR. The mention of a trademark 
or proprietary product does not constitute a guarantee or warranty of 
the product by the Iowa State University or the United States Depart- 
ment of Agriculture and does not imply its approval to the exclusion 
of other products that may be suitable. 
'Authors to whom all correspondence should be addressed. 
Prinlcd in Canada i lolprirnc' au Canada 
Direct evidence for photosynthate uptake by legume seeds was 
documented using I4CO2, which is incorporated into photo- 
synthates (Patrick and McDonald 1980; Thorne 1982; Grusak 
and Minchin 1988). Because the cotyledons a re  the principal 
storage organs of nonendospermic legumes at seed maturity, 
these latter studies concentrated on a stage during which the 
embryo was near maturity and the well-developed cotyledons 
were filling with reserves. No mention was made of earlier 
stages of ovule development. Moreover, because these studies 
were not coupled with autoradiographic evidence, only esti- 
mates of the pattern of photosynthate flux were made. 
In this study, w e  concentrate on the nutrition of the early 
stages of embryo development in soybean. W e  provide auto- 
radiographic evidence for  water-insoluble I4C-photosynthate 
flow into the embryo sac. This evidence is correlated directly 
with morphological and ultrastructural changes in ovular and 
endosperm tissues enclosing the embryo. 
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Materials and methods photosynthate. Twenty discrete tissues or regions of the ovular sec- 
Soybean plants, Glycirze m m  (L.) Merr. cv. Harosoy, were grown 
either in a glasshouse or in the field. The pattern of floral develop- 
ment is the same for both locations. Floral buds or gynoecia isolated 
from flowers, at various stages of development, were placed in 3 %  
glutaraldehyde - 4% paraformaldehyde in sodium cacodylate buffer 
(0.1 M, pH 7.2) at room temperature (22"C, RT). The ovules were 
dissected in the fixative, placed under vacuum at 15 psi (6.89 kPa) 
for 1 h, and then placed in fresh fixative at 4°C  for 12 h. Fixation 
was followed by three buffer rinses, postfixation in 1 % osmium 
tetroxide (OsO,) in the same buffer (pH 7.2) for 4 h at RT, and 
. . 
. . .~ 
. . 
dehydration in a graded ethanol series. En bloc staining (5% uranyl 
acetate in 70% ethanol) was done during dehydration in some mate- 
. .. 
. . 
rial processed for electron microscopy. Acetone was used as a transi- 
tional solvent prior to infiltration with Spurr's resin (hard recipe). 
Infiltration to pure resin was accomplished on a rotator over a 2-week 
period (fresh resin daily) before embedding. 
Light microscopy (LM) 
Sections cut at 1 pm thick with glass knives on a Reichert Ultracut 
E microtome were mounted on subbed (poly L-lysine or gelatin) glass 
slides. A double stain of 0.13% methylene blue - 0.02% azure I1 in 
0.066 M NaH2P04 buffer (pH 6.9) followed by 0 .2% basic fuchsin 
in 2.5% ethanol was used for its differential staining properties. All 
light microscope observations and photomicrographs were made with 
a Leitz Orthoplan microscope equipped with bright-field, differential 
interference contrast (DIC), dark-field, and phase-contrast optics. 
Images were recorded on Kodak Technical Pan film. 
'4C-ptzotosytzthate labeling attd autoradiography (AR) 
The technique and apparatus for incorporation of labeled carbon 
into soybean ovules were based on those of Pleasants et al. (1990). 
I Four glasshouse-grown flowering soybean plants were placed in a 
I clear plexiglas chamber (0.6 x 0.6 x 0.9 m) located within an isotope-safe fume hood. The chamber was illuminated with two 
quartz lamps, which provlded photosynthetically active radiation (PAR) 
of 100-150 pmol . m - 2 .  s-I. The I4COz was evolved by adding 
a drop (50 pL) of 6 M HCI every 30 min to 1 mCi Ba14C0, 
(24.4 mCi/mmole) (1 Ci = 37 GBq) until all carbonate had reacted. 
The labeled carbon dioxide was circulated continuously through the 
sealed chamber by an aquarium pump for an incorporation period of 
6 h. The unincorporated I4CO2 was purged from the system by 
rerouting gas circulation through saturated KOH. Subsequently, 
plants were removed to the glasshouse. 
Gynoecia and floral buds were removed at regular intervals (O- 
25 d) postincorporation and at various stages of postfertilization 
development. The material was fixed, dehydrated, infiltrated, and 
embedded as described. Thick (1 pm) resin sections were placed on 
poly L-lysine subbed glass slides and left unstained. A wire loop was 
used to apply a thin, even coat of liquid autoradiographic emulsion 
(Kodak NTB2). Slides were allowed to dry for 30 min at 45"C, put 
into sealed light-tight slide boxes with a desiccant (CaSO,), and 
placed in the refrigerator (5°C) for 7 d. After this exposure period, 
slides were removed, allowed 1 h to come to RT, and processed. For 
complete procedures for emulsion handling, slide preparation, and 
processing, see Technical Notes P-64, Eastman Kodak Company, 
Health Sciences Division, Rochester, N.Y. After processing of the 
autoradiographic emulsion, slides were dehydrated in a graded 
ethanol series followed by xylene. The sections were covered with 
Permount, then with a cover slip. The emulsion-covered sections 
were observed and ~ h o t o ~ r a ~ h e d .  
;ions (e.g., micropylar outer integument, suspensor, and endothelium) 
were analyzed for the abundance of silver grains to determine the 
pattern of I4C incorporation. Different areas within a given region 
or tissue were sampled from numerous sections of various ovules 
(12- 15 ovules per stage of development). The silver grains were 
enhanced and the pixel areas covered by the grains recorded via 
image analysis. Numbers of silver grains were estimated from the 
pixel area coverage, background grains were subtracted, and the 
number of grains averaged per unit area (1000 pm2) for each region 
of the ovule at each stage of development. Diagrams of three of the 
five stages of ovule development summarize the average number of 
silver grains by regions in the ovule (see Figs. 7 ,  18, 30). 
Trarlmzission electron microscopy (TEM) 
Thin sections (60-90 nm) were cut using a Diatome diamond knife 
and stained with 5 % uranyl acetate in 70% ethanol for 1 h and in lead 
citrate for 1 h. Sections were observed and photographed on a Hitachi 
HU-11C-1 TEM at 75 kV or a JEOL JEM-1200EX-I1 STEM at 
80 kV. 
Results 
The ovule of soybean is bitegmic, crassinucellate, and campy- 
lotropous. In median longitudinal sections of the ovule (Fig. I ) ,  
this latter feature is most evident. During megasporogenesis, 
each ovule (usually three per ovary) bends towards the distal 
end of the gynoecium, the outer integument becoming adnate 
to the funiculus for part of its length. This ventral portion of 
the ovule facing the placenta and funiculus and the opposite 
tissues are referred to in this study as the adfunicular and 
abfunicular portions of the ovule, respectively. 
Zygote stage 
Preceding and immediately after fertilization, the central 
cell of the megagametophyte is filled with numerous osmio- 
philic bodies and large amyloplasts (Fig. 2). Curiously, the 
central cell starch reserves are rarely labeled (Figs. 3, 4). 
These amyloplasts are only labeled in ovules initiating devel- 
opment more than 12 days postexposure to I4CO2. This implies 
that they are not formed from photoassimilates directly, but a 
remobilized unlabeled carbon source. 
Divisions of the endosperm precede those of the zygote. 
Coincident with the initial free-nuclear divisions of the endo- 
sperm, the central cell starch reserves diminish. Unlike the 
large amyloplasts, the thin cytoplasm of the central cell has 
noticeable label. The organellar complement of the central cell 
is more concentrated at its micropylar end, near the zygote and 
the wandlabrinthe. 
The zygote shows a distinct polarity of its cytoplasm: two 
pockets of cytoplasm are separated by a large central vacuole. 
The micropylar cytoplasm of the zygote is almost completely 
devoid of storage material, but the chalazalmost cytoplasm, 
containing the nucleus, is rich in osmiophilic bodies and 
amyloplasts (Fig. 2). The zygote lacks a cell wall and is con- 
nected to the central cell by plasmodesmata, suggesting that 
the zygote has symplastic contact with it. 
The wandlabrinthe, as described by Tilton et al. (1983, 
. u .  
1984), is a localized proliferation of cell wall material project- 
Image attalysis ing from the micropylar central cell wall towards the zygote. DIC images were digitized with the Leitz Orthoplan fitted with a 
video camera (COHU model 4815-5000) connected to a video digi- In the present study, the wall ingrowths extend to the height 
tizer (Colorado Video Inc., model 270A). The digitized images were of the zygote along the adfunicular central cell wall but are 
saved and manipulated with a Kevex Delta IV system and a Kevex limited to a third of its height on the abfunicular side. The 
feature analysis software program. This image analysis system allowed preferential proliferation of the wandlabrinthe along the adfun- 
the silver grains in the emulsion over the sections to be quantified. icular side of the central cell is consistent through the late 
These grains were indicative of incorporated water-insoluble I4C heart-shaped embryo stage. 
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CHAMBERLIN ET AL. 
Autoradiographic evidence suggests that the wandlabrinthe 
is involved directly with the transport of labeled assimilates 
into the embryo sac. The micropylar base of the embryo sac 
and the facing integuments are heavily labeled (Fig. 3). Label 
is concentrated over the wandlabrinthe, suggesting a pathway 
of solute transport to the base of the zygote and central cell 
from the outer integuments. Supporting this route of nutrient 
flow, label is present in the cytoplasm of the embryo and in 
the thin layer of cytoplasm encircling the embryo and the 
primary endosperm nucleus (Fig. 3). 
The nucellus enclosing the conical embryo sac is composed 
of large, highly vacuolated cells generally parallel to the longi- 
tudinal plane of the embryo sac ( ~ i ~ .  4). Their cytoplasm con- 
tains amyloplasts, RER, free ribosomes, and dictyosomes. At 
this stage of development, plasmodesmata connect adjacent 
nucella; cells, but no connection is observed with the central 
cell, zygote, degenerating synergids, or integuments. Nucellar 
cells with wall ingrowths (transfer cells) are infrequent, and 
ingrowths are limited to a few small protrusions per cell. 
Nucellar cells along the inner integument lack wall ingrowths. 
Frequently, a single plasmodesma traverses a wall ingrowth 
and moreover may connect it with a second ingrowth in an 
adjacent cell (Fig. 5) .  In general, the nucellus is weakly 
labeled (Figs. 3, 4). 
In median longitudinal sections, the nucellus and embryo 
sac are flanked by the inner integuments, at the micropylar end 
by the outer integument (Fig. 3) and at the chalazal end by the 
hypostase (Figs. 4 ,  6). The interface between the inner integu- 
ment and nucellus is marked by a cuticle-like layer that is con- 
spicuously absent at the micropylar and chalazal ends of the 
nucellus (Figs. 3, 4). This cuticle forms a cylinder around the 
embryo sac and nucellus that is only open at the chalazal and 
micropylar ends to the outer integuments. This dense osmio- 
philic layer is deposited by the inner integument on its inner 
surface as it encloses the nucellar tissue during megagameto- 
genesis (unpublished data). This cuticle is resistant to cellulase 
and pectinase digestion (Chamberlin et al. 1993). Enzyme 
digestion of ovules for 12 h yielded embryo sacs completely 
devoid of integuments, exposing the cuticle-like layer. Embryo 
sacs remained intact with no apparent digestion of the cuticle- 
like layer after 48 h in the enzyme solution. No histochemical 
evidence is given here to verify the nature of this cuticle-like 
layer. It appears to be the same as the electron-dense material 
that coversthe epidermis of the ovule; both are assumed to be 
cuticles. The pattern of I4C label adjacent to the cuticle indi- 
cates that this layer is a barrier to solute movement. Labeled 
carbon accumulates in the inner integuments, but only small 
amounts of label occur in the adjacent nucellus (Fig. 3). 
The hypostase tissue at the chalazal end of the nucellus is 
composed of a small group of thick-walled cells bound later- 
ally by the cuticularized inner integument (Fig. 4). These cells 
are densely cytoplasmic and rich in organelles, including 
amyloplasts, and have numerous vesicles that suggest high 
metabolic activity. The chalazalmost cells of this grouping 
often possess thin end walls fronting the terminus of the 
chalazal vascular strand. This condition is mirrored in the 
more micropylar cells of the hypostase facing the nucellus. 
Numerous plasmodesmata connect these cells longitudinally. 
Labeled assimilates are concentrated heavily in the hypostase 
and to a lesser extent in the adjoining tissues (Fig. 4). The 
chalazal end of the central cell shows distinct labeling as well. 
The outer integumentary cells, chalazal to the hypostase, show 
a diffuse pattern of labeling concentrated around the vascular 
ABBREVIATIONS: Ab, abfunicular outer integument; Ad, adfunicu- 
lar outer integument; C ,  central vacuole of embryo sac; CEs, central 
endosperm (cellular); Cp, chalazal process; E, embryo; En, 
endothelium; Ep, palisade epidermis; Es, endosperm; F ,  funiculus; 
H, hypostase; I, inner integument; N, nucellus; 0, outer integument; 
P, phloem; PEs, peripheral endosperm; S, suspensor; W, wand- 
labrinthe; X, xylem; Z, zygote. 
FIG. 1. Diagram of ovule in longitudinal section at globular embryo 
stage showing arrangement of tissues and initial pattern of vasculari- 
zation. Funicular vascular strand trifurcates after entering ovule 
forming a chalazal strand and two traces that lie parallel to each other 
within adfunicular outer integument. Scale bar = 100 pm. 
strand. A summary of incorporated label in the ovule, by 
region, is shown in Fig. 7. 
The outer integument is variable in thickness (3- to 15-cell 
layers) and adnate to the inner integument. The inner integu- 
ment is two or three cell layers thick and has a distinct cuticle 
on its inner surface opposing the nucellus (Figs. 3, 4). The 
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CHAMBERLIN ET AL 
nucellus is enclosed incompletely by the inner integument and 
its micropylar and chalazal ends are exposed to the outer 
integument. No plasmodesmata connect the cells of the inner 
integument with those of the outer integument (Fig. 8) although 
plasmodesmatal connections are common between cells within 
each integument. This symplastic isolation of the two integu- 
mentary layers is observed in the later stages of ovule develop- 
ment as well. In general, the integumentary cells are rich in 
RER, ribosomes, dictyosomes, and mitochondria. Cells with 
starch-filled plastids are notably abundant in (i) the inner 
portion of the outer integument along the entire adfunicular 
side, (ii) the micropylar abfunicular outer integument, (iii) the 
micropylar end of the inner integument, and (iv) funiculus. 
The 14C labeling is consistent with the aforementioned pattern 
of starch accumulation (Fig. 7). This pattern in the integuments 
reflects a pathway of assimilate transport to the embryo sac. 
The adfunicular outer integument shows a 2-3 times greater 
concentration of label than does its abfunicular counterpart. 
A single unbranched vascular strand originating from the 
funiculus enters the ovule via the chalazal end of the outer 
integument. This collateral bundle, embedded 2-3 layers 
below the epidermis of the ovule, terminates just chalazal to 
the hypostase (Fig. 6). Within the bundle, the sieve elements 
occupy the chalazalmost portion of the vascular strand. Although 
the vascular strand proper is not labeled heavily, the adjacent 
parenchymatous cells show elevated levels of incorporated 
14C. Because only the funiculus connects the ovule to the 
gynoecium, and therefore to the parent plant, this vascular 
bundle plays a primary role in the nutrition of the ovule. 
Proernbryo stage 
The zygote begins to divide 2 -3 d after fertilization, form- 
ing the proembryo, a two- to multi-cellular embryo not yet 
differentiated into embryo proper and suspensor. The basal- 
most cells of the proembryo are highly vacuolate (Figs. 9,  lo), 
whereas the apical cell and its immediate neighbors are densely 
cytoplasmic (Fig. 9). The large amyloplasts and osmiophilic 
bodies, prevalent in light micrographs of the zygote, are now 
absent, replaced by numerous plastids without starch in the 
apical cells of the proembryo. Wall ingrowths develop from 
the tangential and basal cross walls of the basalmost cells of 
the proembryo (Fig. 10). As the embryo divides, the frequency 
of wall ingrowths in these cells increases. The cells of the 
proembryo are interconnected by plasmodesmata. The wandla- 
brinthe arising from the central cell wall extends from the 
basal cell of the proembryo (Fig. 10); it has proliferated from 
the zygote stage. Autoradiographs demonstrate the importance 
of the proembryo wall ingrowths and of the wandlabrinthe. 
Label is concentrated in the cell walls of the proembryo and 
particularly in the basal cell (Fig. 9). The wandlabrinthe also 
is heavily labeled. 
The most obvious change within the central cell at this stage 
of development is the expansion of a large central vacuole 
FIG. 7. Diagram of ovule in longitudinal section at zygote stage 
showing proposed pathway (arrowheads) and pattern of labeled I4C 
in specific regions of ovule (number of silver grains per 1000 pm'). 
Scale bar = 50 pm. 
displacing the free-nuclear endosperm and starch aggregates to 
the periphery. This central vacuole concentrates no label. The 
divisions of the free-nuclear endosperm outpace cell prolifera- 
tion in the proembryo. Concomitant with the increase in free- 
nuclear endosperm is the rapid decline in central cell starch 
reserves. The loss of starch aggregates is complete when the 
embryo is 16-celled (5-6 d postfertilization). 
As the central cell expands, the nucellus degenerates. Nucellar 
cells show signs of breakdown well before physical contact 
with the central cell. The walls of the nucellar cells become 
progressively thinner as mucilage-like material occurs between 
the walls and plasmalemmas (Fig. 1 I). This material eventu- 
ally fills the nucellar cells before they rupture. The electron- 
dense material does not accumulate to any extent in the central 
cell and therefore may be absorbed by the central cell in some 
other form. As the nucellus diminishes, the enlarged embryo 
sac is exposed laterally to the inner integument and at the 
micropylar end to the outer integument. 
The chalazal end of the central cell, its adjacent nucellus, 
and the hypostase remain heavily labeled, similar to that at the 
Fics. 2-6. Zygote stage. Fig. 2.  Apex of zygote in longitudinal section showing absence of a cell wall (arrows) and concentration of 
amyloplasts and osmiophilic bodies (arrowheads). Note presence of large amyloplasts with aggregates of starch surrounding apex of zygote 
in central cell. Scale bar = 1 pm. Fig. 3. Autoradiograph viewed with DIC optics of micropylar one-half of embryo sac. Label (black silver 
grains) is concentrated at base of embryo sac, in zygote, micropylar-most nucellar cells, and thin cytoplasm lining central cell. Large 
amyloplasts (arrowheads) are virtually unlabeled. Arrows mark cuticle layer separating nucellus from inner integument. Note absence of cuticle 
at extreme micropylar end of embryo sac. Scale bar = 20 pm. Fig. 4. Autoradiograph viewed with DIC optics of chalazal one-half of embryo 
sac. Label is concentrated at hypostase, inner nucellus, and thin cytoplasm of central cell. Large amyloplasts (arrowheads) are unlabeled. 
Arrows indicate cuticle; note its absence lateral to hypostase. Scale bar = 20 pm. Fig. 5.  Wall with two short transfer cell-like wall projections 
with plasmodesmatal connections between nucellar cells. Scale bar = 0.5 pm. Fig. 6. Chalaza1 end of ovule with vascular strand terminus 
proximal to hypostase. Scale bar = 20 pm. 
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zygote stage. The outer integumentary cells opposite the hypo- 
stase continue to concentrate label, as does the funiculus, 
which supports this region with a vascular strand. The ovule 
rapidly expands. A large portion of the starch accumulated in 
the integuments at the zygote stage is now depleted. The most 
significant accumulation of starch and label are in the chalazal 
and the micropylar ends of the integuments opposite the embryo 
sac. There is sparse label in a band of parenchyma cells 
embedded in the adfunicular outer integument. 
Globular embryo stage 
The embryo differentiates into a globular head (embryo 
proper) and a suspensor approximately 8 d postfertilization 
(Fig. 12). No wall ingrowths are seen in the cells of the 
embryo head (Fig. 13). The cells of the globular head and sus- 
pensor are interconnected via plasmodesmata as are the basal- 
most cells of the suspensor and the surrounding central cell. 
All suspensor cells have wall ingrowths; their abundance per 
cell decreases acropetally within the suspensor (Fig. 14). 
Immediately before the cotyledons are initiated, a thin cuticle 
forms over the surface of the globular head, but this cuticle is 
absent around the suspensor. 
In autoradiographs, label continues to be concentrated at the 
micropylar end of the embryo sac (Fig. 12). The basalmost 
cells of the suspensor are heavily labeled, with the label 
decreasing apically to the globular head. The cellular endo- 
sperm bordering the wandlabrinthe also shows significant label. 
The central cell vacuole, partly surrounding the embryo, has 
little to no label (Fig. 15). 
As the ovule enlarges longitudinally, thin regions and then 
gaps develop in the cuticle-like layer separating the inner 
integument from the nucellus or the endosperm (Figs. 16, 17). 
The formation of these cuticular breaks coincides with and fol- 
lows the same pattern as cellularization of the endosperm, 
The chalazal end of the embryo sac becomes distended as 
the ovule expands, forming an elongate channel to the hypostase 
(Fig. I). This channel is bound laterally by undigested nucellar 
tissue and is filled with free-nuclear endosperm embedded in 
dense cytoplasm (Fig. 20). Label is heavily concentrated in the 
endosperm of the chalazal channel and to a lesser extent in the 
adjacent nucellus (Figs. 18, 20). The immediate source of 
label for these tissues seems to be the hypostase positioned 
chalazal to the channel. 
The funiculus is heavily labeled along its length in the region 
of the single vascular bundle (Fig. 21). As the funicular bundle 
enters the ovule it branches, and these branches are clearly 
depicted by three paths of label. One path of the label follows 
the vascular bundle into the chalazal outer integuments ter- 
minating opposite the hypostase. The parenchymatous cells 
surrounding the trace are densely cytoplasmic (Fig. 22) with 
abundant plasmodesmata. The majority of label is localized 
just chalazal to the sieve elements in a layer of parenchyma- 
tous cells enriched with osmiophilic bodies and starch (Fig. 23). 
The second and the third paths of label, only one of which can 
be seen per median longitudinal section, pass through the 
entire length of the adfunicular outer integument (Fig. 21). 
These latter branches are two equal and parallel strands of 
provascular tissue, which branch from the funicular bundle as 
it enters the ovule (Fig. 1). The provascular cells are densely 
cytoplasmic and have numerous plasmodesmata. The terminal 
portion of each provascular strand ends in the outer integu- 
ment opposite the micropylar end of the embryo sac. At the 
terminus of each of these two bundles is a single group of cells 
with large aggregates of osmiophilic bodies of differing shapes 
and numerous amyloplasts (Figs. 24, 25). Among the ovular 
tissues, these cells have the most pronounced accumulation of 
label observed in this study (Figs. 12, 18). 
occurring first at the micropylar region of the central ceil and Early heart-shaped embryo stage 
later at the chalaza1 end. Often these cuticular breaks appear The embryo expands differentially to form the two cotyledo- 
immediately before and opposite the peglike wall ingrowths of nary primordia 12 - 15 d postfertilization (Fig. 26). As in 
the central cell wall (Fig. 16). With the formation of the earlier stages of development, the cells of the embryo proper 
cuticular gaps, a decreasing gradient of label is now observed and suspensor are interconnected by plasmodesrnata, but no 
from the inner integument to the cellular endosperm and cen- such connections exist with the surrounding endosperm at this 
tral vacuole (Fig. 15). The label is concentrated in or along the and at subsequent stages. The suspensor is now elongated and 
walls of the cellular endosperm and not in its cytoplasm. The consists of approximately 10 tiers of isodiametric cells. The 
pattern of I4C label in the ovule is illustrated (Fig. 18). basal three tiers of suspensor cells contain wall ingrowths of 
The inner integument differentiates into an inner layer of the pattern mentioned previously. Vesicles are especially numer- 
endothelial cells (integumentary tapetum) and outer layers ous along the plasmalemma of the transverse walls of the 
(1 -7) of thick-walled cells (Fig. 19). The thick-walled cells suspensor cells. Plasrnodesmata are more abundant in the 
appear metabolically inactive (i.e., a single large vacuole dis- transverse walls of the suspensor cells as well. There is a 
places a thin layer of cytoplasm, which is sparse in organ- decreasing amount of label from the base of the suspensor to 
elles). The endothelial cells that border the endosperm are the embryo proper (Fig. 27). The thin cuticle formed at the 
densely cytoplasmic and rich in ribosomes, vesicles, mito- late globularembryo stage remains conspicuous over the sur- 
chondria, RER, dictyosomes, and plastids. Plasmodesmata are face of the embryo proper during this time and later stages. 
common in the endothelial cell walls. Few plasmodesmata The wandlabrinthe is distinct and extends to the height of the 
exist between the endothelium and the outer layers of the inner fourth tier of suspensor cells along the adfunicular central cell 
integument, and these are obliterated as the walls of the latter wall (Fig. 28). The abfunicular portion of the wandlabrinthe 
thicken. No plasmodesmatal connections exist between the is not as extended. During cellularization of the endosperm, 
inner integument and the embryo sac. All cell layers of the some anticlinal walls arising from the wandlabrinthe are fused 
inner integument are labeled equally (Fig. 15). to the exterior walls of the suspensor. This contact confers 
FIG. 8. Interface of inner and outer integuments at zygote stage. Note lack of plasmodesmatal connections between these two layers. Scale 
bar = 2 pm. FIGS. 9- 11. Proembryo stage. Fig. 9. Young proembryo in oblique section showing abundant label. Note heavy concentration 
of label below proembryo in region of wandlabrinthe. Label also concentrated in thin endosperm cytoplasm lining embryo sac. Scale bar = 
20 pm. Fig. 10. Micropylar base of embryo sac with wall ingrowths of wandlabrinthe encircling base of proembryo. Note initial formation 
and position of transfer cell-like wall protuberances (arrows) in basal cells of proembryo. Scale bar = 2 pm. Fig. 11. Accumulation of electron- 
dense material (arrows) at wall and within cytoplasm of a nucellar cell. Scale bar = 2 pm. 
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direct apoplastic continuity between the wandlabrinthe and 
embryo. At this stage, as in earlier stages, the wandlabrinthe 
is heavily labeled. 
Except for the chalazal channel, the endosperm is com- 
pletely cellular. The central endosperm is composed of large 
thin-walled cells, each with a single large vacuole but no 
visible storage material (Fig. 26). Plasmodesmata are rare in 
the central endosperm cells, in contrast with the peripheral 
layer. The central endosperm is weakly labeled. The free- 
nuclear endosperm of the chalazal channel has enlarged nuclei 
embedded in cytoplasm poor in organelles. As in earlier 
stages, this channel is heavily labeled. 
The outer integuments undergo morphological changes impor- 
tant to nutrient flux during the early heart-shaped embryo 
stage. Two distinct vascular bundles differentiate from the 
provascular traces in the adfunicular outer integument. Con- 
nected to the two vascular bundles, provascular tissue in the 
lateral regions of the outer integuments differentiates into 
numerous parallel minor veins. ~ h e s e  minor veins branch and 
anastomose to form a network extending to the abfunicular 
side of the ovule (Fig. 29). The minor veins consist mainly of 
sieve elements. coincident with the vascularization of the 
whole ovule, label is found abundantly throughout the integu- 
mentary tissues. The concentration of label, by region, in the 
ovule is diagramatically represented in Fig. 30 .  In earlier 
stages, only the adfunicular integuments showed substantial 
label (Figs. 7, 18). 
Although the integuments generally are well labeled, the 
greatest concentrations of label are in tissues associated with 
the principal venation of the ovule. Parenchymatous cells adja- 
cent to the two adfunicular bundles are rich in starch and 
osmiophilic bodies. At the ends of these two bundles a group 
of cells persists just opposite the micropylar end of the embryo 
sac that has the greatest concentration of label in the ovule 
(Figs. 27, 30). A similar but less extensive reservoir of storage 
materials exists immediately chalazal to the chalazal vascular 
strand, as already shown for the globular embryo stage 
(Fig. 23). The micropylar adfunicular inner integument is also 
heavily labeled, even though it is not close to the vasculature 
nor does it have the obvious storage reserves of the aforemen- 
tioned tissues. 
As label accumulates in the integuments, there is a concomi- 
tant increase in its concentration in the endosperm (compare 
Figs. 18 and 30). The cuticle separating the embryo sac from 
the inner integument is fragmented and only remnants remain. 
In the absence of this cuticle, a decreasing concentration gradient 
of label exists from the inner integument to the central endo- 
sperm cells. This pattern of label from the inner integuments 
to the endosperm does not include the embryo proper. In 
autoradiographs, the endosperm surrounding the embryo proper 
is labeled only slightly, but the embryo has an 1 1 -fold greater 
accumulation of label (Fig. 30). This indicates that the embryo 
proper accumulates label via the suspensor. 
FIG. 18. Diagram of ovule in longitudinal section at globular 
embryo stage showing proposed major (large arrowheads) and minor 
(small arrowheads) pathways and pattern of labeled I4C in specific 
regions of ovule (number of silver grains per 1000 pm2). Scale 
bar = 100 pm. 
Late heart-shaped embryo stage 
Approximately 25 d postfertilization, the embryo has become 
structurally mature. Apical and radicle meristems have differ- 
entiated from the embryo proper. The bulk of the embryo con- 
sists of the two cotyledons and occupies the micropylar half of 
FIGS. 12- 17. Globular embryo stage. Fig. 12. Autoradiograph viewed with DIC optics of pattern of labeling in micropylar integuments 
and embryo. Scale bar = 20 pm. Fig. 13. Portion of embryo showing absence of a cuticle over its surface and surrounding cellular endosperm. 
Scale bar = 1 pm. Fig. 14. Micropylar base of embryo sac showing position of wandlabrinthe (arrow). Basal suspensor cells have extensive 
wall ingrowths (*). Scale bar = 2 pm. Fig. 15. Autoradiograph viewed with DIC optics showing gradient pattern of labeling from adfunicular 
integuments to endosperm (undergoing cellularization) and absence of label in central vacuole. Scale bar = 20 pm. Fig. 16. Detail of cuticle 
separating inner integument from endosperm near micropylar end of central cell. Note presence of thin  areas in cuticle opposite peglike wall 
ingrowths from central cell wall. Scale bar = 1 pm. Fig. 17. Distinct gaps in cuticle of endothelium in micropylar one-half of embryo sac. 
Scale bar = 1 pm. 
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cells indicates high metabolic activity. Plasmodesmata are 
common in the walls interconnecting suspensor. cells. The 
basalmost tier of suspensor cells continues to display wall 
ingrowths, as in earlier stages. These wall proliferations are 
on the tangential walls in contact with the endosperm and the 
basal transverse walls bordering the central cell wall. A 
cuticle, prominent on the surface of the embryo (Fig. 32), is 
absent on this basalmost tier of suspensor cells, intimating the 
importance of these cells to nutrient absorption. Autoradio- 
graphs indicate that the label is concentrated in the base of the 
suspensor and in the endosperm and wandlabrinthe surround- 
ing it. 
Cellularization of the endosperm is complete, including the 
chalazal process (Fig. 33). This process and the proximal 
hypostase are as heavily labeled as in earlier stages. The outer- 
most layers of endosperm cells continue to divide as the embryo 
sac expands. The cellular endosperm shows signs of degenera- 
tion during the expansion of the embryo into the embryo sac. 
Loss of endosperm is not due solely to the encroachment of the 
embryo. Some endosperm cells degenerate although they are 
not in physical contact with the embryo (Fig. 31). These 
degenerating cells have numerous vesicles fused to their plasma- 
lemmas (Fig. 34). A loose network of individual fibrils are 
observed at the degenerating endosperm walls. An electron- 
dense, mucilage-like material forms in the voids left by these 
degenerating cells. This electron-dense material is composed 
of the fibrillar material (Fig. 34). 
As the ovule continues to expand, the outer layers of thick- 
walled cells of the inner integument become progressively 
thinner, until only wall remnants remain. In contrast, cell divi- 
sions of the endothelium keep pace with the expansion of the 
ovule and this layer remains distinct until seed maturity. 
Degradation of the cuticle, which separates the embryo sac 
from the endothelial layer, is complete (Fig. 35). The gradient 
pattern of label from the integuments to the peripheral endo- 
sperm layers is consistent with the early heart-shaped embryo 
stage. The central endosperm cells are highly vacuolate and 
lack storage materials. These cells are weakly labeled in com- 
parison with the embryo and integuments. 
Embedded within the parenchyma of the outer integument 
are the two parallel adfunicular vascular strands, each ter- 
minating near the micropylar end of the embryo sac. Cells 
- along and near the terminus of these vascular strands continue 
to contain many osmiophilic bodies and starch. The existing FIG. 30. Diagram of ovule in longitudinal section at early heart- 
minor vascular branches, arising from the two strands, are 
shaped embryo stage showing proposed major (large arrowheads) and 
minor (small arrowheads) pathways and pattern of labeled I3C in more extensive and accommodate the of the 
specific regions of ovule (number of silver grains per 1000 pm2). ovule. The chalazal vascular strand remains unbranched but 
Scale bar = 200 um. labeled. The paravascular cells in this region contain many 
osmiophilic bodies and starch. The general pattern of carbon 
labeling in the integuments remains unchanged from the early 
the embryo sac. Provascular strands in the cotyledons branch heart-shaped embryo stage (Fig. 30). 
and anastomose to form a network of vasculature. The cotyle- 
dons begin to accumulate starch, lipids, and proteins. Although 
the cotyledons are accumulating storage reserves, they are not Discussion 
strongly labeled. 14C02 coupled with autoradiography is useful in following 
The suspensor has doubled in length due to elongation of its the pattern of photosynthate incorporation and transport in 
cells (Fig. 31). The organellar complement of the suspensor developing ovules and its ultimate accumulation in the embryo. 
FIGS. 3 1-35. Late heart-shaped embryo stage. Fig. 3 1. Section of base of embryo and degenerating endosperm (arrows). Scale bar = 20 pm. 
Fig. 32. Longitudinal section of suspensor cells showing abundance of amyloplasts. Note cuticle on surface of suspensor (arrow). Scale bar = 
2 pm. Fig. 33. Autoradiograph viewed with DIC optics of chalazal process (occluded by cellular endosperm) and hypostase in longitudinal 
section. Note abundance of label in and adjacent to process. Scale bar = 20 pm. Fig. 34. Degenerating endosperm. Note loose fibrillar material 
at endosperm cell wall (arrows) associated vesicles within cytoplasm, and presence of electron-dense material (*) between degenerating cells. 
Scale bar = 1 pm. Fig. 35. Section at interface of endosperm and endothelium showing absence of cuticle. Scale bar = 1 pm. 
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This study shows that the nutrition of the soybean ovule is 
spatially and temporally regulated. In the initial zygote and 
proembryo stages of development, nutrients appear to enter 
the micropylar and chalazal poles of the embryo sac via the 
wandlabrinthe and hypostase, respectively. This bipolar path- 
way of nutrient flux is likely dictated by the presence of the 
cuticle-like barrier at the interface of the inner integument and 
embryo sac. At the globular embryo stage, this barrier degen- 
erates and nutrients appear to flow relatively unimpeded into 
the embryo sac laterally to supplement the nutrient flux at the 
two ovular poles. In subsequent stages, the complete vascular- 
ization of the outer integument accommodates the passage of 
nutrients over the entire surface of the embryo sac. As dis- 
cussed, numerous tissues are directly and indirectly involved 
in the nutrition of early embryogenesis in soybean. 
The wandlabrinthe, acting as a nutrient channel, has been 
implicated as the source of carbohydrates for the synthesis of 
the starch packets in the central cell (Folsom and Cass 1986). 
This contradicts the observations of Kennel1 and Horner (1985) 
who showed that these reserves are formed early, during the 
megagametophyte stage, and that one-third to one-half of the 
starch in the soybean central cell had disappeared by the time 
of wandlabrinthe formation. In autoradiographs, we observed 
that the central cell starch aggregates were not labeled. This 
absence of label suggests that the immediate source of carbo- 
hydrates for this starch is an unlabeled one. This unlabeled 
source would seemingly exclude the wandlabrinthe and hypo- 
stase, which are heavily labeled channels of photoassimilate 
flux. The nucellus is weakly labeled with I4C and its break- 
down products may be a source of materials for the formation 
of starch grains in the embryo sac. 
Breakdown of both the unlabeled starch packets and the 
nucellus could serve as a pool of nutrients in the central cell 
that initially would be available to the embryo and endosperm. 
Because endosperm nuclear divisions precede cell divisions of 
the embryo it is likely that the free-nuclear endosperm is the 
recipient of a major portion of these central cell reserves. The 
central cell is connected via plasmodesmata with the zygote, 
proembryo (Dute et al. 1989), and early globular embryo 
(present study). This cytoplasmic continuity indicates that the 
reserves of the central cell are readily accessible to the zygote 
and embryo. 
The initiation of transfer cell-like wall ingrowths at the 
transverse and tangential walls of the basal cells of the proem- 
bryo suggests that these cells are now actively involved in the 
absorption of nutrients and this is supported by autoradio- 
graphic evidence. Label is associated with the wandlabrinthe 
and its adjoining cytoplasm near the base of the proembryo 
and then it occurs acropetally within the embryo. Owing to the 
absence of a cuticle, the proembryo also may absorb the 
reserves of the central cell over its entire surface. Whether the 
embryo receives nutrients from the central cell remains uncon- 
firmed. Because the starch packets are unlabeled and the 
nucellus is only weakly labeled, the assimilation of their 
breakdown products into the embryo could not be determined. 
Through the early globular embryo stage, integumentary 
storage reserves move into the embryo sac only through the 
chalazal and micropylar ends as indicated by the concentration 
of label in these regions. These two pathways for labeled 
assimilates are a consequence of a lateral barrier, the continu- 
ous, dense, osmiophilic, cuticle-like layer between the endo- 
thelium and embryo sac. Since this electron-dense band does 
not extend beyond the limits of the inner integument, the 
embryo sac and nucellus are enclosed only laterally. We found 
that the layer is impervious to enzymatic digestion-by cellulase 
and pectinase. Similar results, including histochemical and 
acetolysis experiments, indicate that a similar endothelial band 
in Antirrhinum ovules is composed of highly stable lipid sub- 
stances, probably cutin or sporopollenin (Yang 1989). Endo- 
thelial cuticles have been observed in other genera, e.g., 
Phaseolus (Offler and Patrick 1984) and Sainfpaulia (Mogen- 
sen 198 1). The embryo sac is isolated by the endothelial cuticle 
at a time when its nutrient requirements are fulfilled from 
within by starch reserves or by transport of solutes through the 
poles of the embryo sac. This cuticle-like layer may be 
retained during the early stages of embryo sac development to 
inhibit the outflow of solutes from the nutrient-rich embryo 
sac to the integuments. As development of the globular embryo 
and endosperm proceeds, these reserves are rapidly depleted 
and thus the requirement for increased nutrient flux from out- 
side the embryo sac is enhanced. Therefore, the lateral integu- 
ments are exposed to the embryo sac during the degeneration 
of this cuticle-like barrier to allow movement of labeled 
assimilates from the integuments to the embryo sac. The gaps 
in the cuticle-like layer are likely formed by the physical 
stretching of this layer during the longitudinal expansion of the 
embrvo sac. 
At the micropylar end, the wandlabrinthe is the site of 
assimilate movement into the embryo sac. This labyrinth of 
wall ingrowths is a common occurrence in many angiosperm 
genera including the legumes Pisum (Hardham 1976), Vicia, 
Phaseolus, Spartium, and Lathyrus (Gunning and Pate 1974). 
As in soybean (Tilton et al. 1984), the wandlabrinthe of these 
latter genera is purported to facilitate the transport of solutes 
to the embryo sac. 
The wall elaborations of the wandlabrinthe likely have an 
analogous function to those in transfer cells. Wall ingrowths 
of transfer cells facilitate solute uptake by their heightened 
plasmalemma surface area (Wimmers and Turgeon 1991). The 
number of potential sites at which enzymatic reactions could 
occur would be increased by heightened plasmalemma surface 
area. An active transport mechanism was shown by Brent- 
wood and Cronshaw (1978) who correlated ATPase activity 
and the formation of wall ingrowths in Pisum phloem transfer 
cells. ATPase activity has also been localized at the central cell 
plasmalemma of Helianthus (He and Yang 1991a) and Antir- 
rhinum (He and Yang 1991b). These authors ascribed a 
nutrient absorbing function to the enzyme in the central cell. 
Autoradiographic evidence implicates the hypostase as the 
second channel of nutrient movement into the embryo sac. Its 
position in the pathway of the chalazal vascular bundle and its 
anatomical features make it a logical choice for this function. 
The hypostase cells are densely ~ytoplasmic and rich in organ- 
elles, and its thickened walls with numerous plasmodesmata 
indicate an active tissue probably involved in symplastic trans- 
port. The presence of ATPase activity in the hypostase cells 
of Atztirrhinum ovules also implies an active transport function 
to this tissue (He and Yang 1991b). Its function in the translo- 
cation of nutrients to the embryo sac was also suggested in 
Ortzithogalum (Tilton 1980). Contrary results were found in a 
I4CO2 autoradiographic study in Zephyranthes (Coe 1954). 
Although the chalazal portion of the ovule, vascular tissue, 
and embryo sac were heavily labeled, the hypostase was not 
labeled. Coe (1954) concluded that the hypostase is an impedi- 
ment to nutrient flux and that I4C assimilates circumvent the 
hypostase and enter the embryo sac laterally. The hypostase 
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occurs widely in a number of taxa of diverse families as noted 
by Maheshwari (1950) and Tilton and Lersten (1982). 
At the zygote through globular embryo stages, no vascular 
tissues connect the funiculus to the micropylar integuments, in 
contrast with that at the chalazal end. Therefore, the abun- 
dance of nutrients in the micropylar adfunicular integuments 
is not easily explained. Autoradiographic evidence indicates 
that solutes are transported to the micropylar integuments 
through a band of densely cytoplasmic parenchymatous cells 
embedded within the adfunicular outer integument. This zone 
of cells abuts the single vascular bundle entering the ovule 
from the funiculus and extends to the micropylar end of the 
ovule opposite the embryo sac. Transport is most likely sym- 
plastic down a steep concentration gradient created by the 
unloading of solutes from the funicular vascular strand to the 
adfunicular outer integument and their assimilation at the 
micropylar end of the embryo sac. 
At the globular embryo stage, the tissue in this region will 
eventually give rise to the two adfunicular provascular strands. 
It may be assumed, therefore, that these cells are already 
genetically programmed to function in the transport of solutes 
to the micropylar integuments as they develop into distinct 
vascular bundles. Label appears to be translocated within these 
bundles and unloaded at their termini in the micropylar outer 
integument. The label is then localized in a group of cells 
forming a rich reservoir of labeled starch and dense material 
opposite the micropylar end of the embryo sac. These reserves 
move to the embryo sac and are continually replenished with 
a labeled carbon source, as suggested by autoradiographic 
evidence. Along the length of the adfunicular bundles, label 
passes from the outer integument through the inner integument 
to enter the lateral regions of the embryo sac. The pattern of 
label suggests that nutrients pass from the inner integuments 
into the lateral portions of the embryo sac. The anticlinal wall 
ingrowths formed during cellularization of the endosperm 
probably function analogous to those in transfer cells, increas- 
ing the surface area of the central cell to enhance nutrient 
transport into the embryo sac. 
During the late globular stage, the embryo forms a cuticle 
over its surface, but it is notably absent from the suspensor. 
Although the cuticle of the embryo is not as distinct as that of 
the inner integument, it may be impervious to solute exchange. 
The cuticularization of the embryo proper and its lack of con- 
tact with the heavily labeled outer endosperm layers suggest 
that the embryo proper, and later the young cotyledons, are 
nonabsorptive. The embryo likely receives the bulk of its 
nutrition at the micropylar end of the embryo sac via the sus- 
pensor. The potential for nutrient absorption and transport by 
the embryo is increased by the proliferation of cell wall 
ingrowths in the suspensor cells. The presence of suspensor 
wall ingrowths and its function in the absorption and transport 
of nutrients has been proposed for some taxa, e.g., Phaseolus 
(Schnepf and Nag1 1970; Yeung and Clutter 1978), Capsella 
(Schulz and Jensen 1969), Pisum (Marinos 1970), Epilobium, 
Antirrhinutn, Vicia, Lathyrus, and Scrophularia (Gunning and 
Pate 1974). In soybean, a concentration gradient of label within 
the suspensor indicates that the basalmost cells absorb nutrients 
from the embryo sac and (or) wandlabrinthe that are then 
transported acropetally to the embryo proper. During early 
embryogenesis of Phaseolus, Yeung (1980) found that labeled 
sucrose was preferentially absorbed by the embryo via the sus- 
pensor, suggesting that the suspensor functions in the nutrition 
of the embryo. 
Our study shows that the soybean chalazal process has a role 
in the transport of nutrients into the embryo sac. This is sup- 
ported by the concentration of label in the chalazal free- 
nuclear endosperm and the position of the process proximal to 
the labeled chalazal vascular strand. Label accumulates in the 
chalazal process from the hypostase and from the lateral integu- 
ments via the remnant of the nucellus. The chalazal process 
remains free-nuclear until the late heart-shaped embryo stage. 
This delayed cellularization indicates that maintenance of a 
symplastic channel is important to its function in nutrient 
absorption and transport. As cellularization of the endosperm 
proceeds, the chalazal process seems to become progressively 
isolated from the rest of the embryo sac. Although its free- 
nuclear endosperm continues to concentrate labeled materials, 
they are probably utilized in the subsequent cellularization of 
this region or in limited transport to the proximal parts of the 
embryo sac. 
The early heart-shaped embryo stage is marked by the vas- 
cularization of the outer integuments. Autoradiographic evi- 
dence indicates that the bulk of the label moves from these 
vascular strands towards the embryo sac. The unloading of 
solutes from the vasculature of the soybean ovule is a meta- 
bolic process facilitated by transfer cell-like parenchyma cells 
in intimate contact with the sieve elements (Thorne 1981, 
1982). The path of nutrient flux from these parenchymatous 
cells to the endothelium is likely apoplastic because of the 
absence of plasmodesmatal connections between the inner and 
outer integuments. The transport force for this nutrient move- 
ment may be diffusional along a concentration gradient created 
by the unloading of photosynthates at the vasculature and their 
assimilation in the embryo sac. This is supported by the gradient 
pattern of label in these tissues. Thorne (1980) observed a lag 
period between the incorporation of 14C in the outer integu- 
ment and its accumulation in the embryo. The author con- 
cluded that this lag period was due to passive diffusion of 
14C-photosynthates from the vascular tissue of the outer seed 
coat to the inner integuments. Our observations confirm those 
of Thorne (1980). 
The differentiation of the inner integument into two morpho- 
logically distinct layers at the globular embryo stage suggests 
a division in function as well. The cells of the outer layer, with 
their reduced organellar complement and thickened walls lack- 
ing plasmodesmata, probably have a passive role in nutrient 
flux. The endothelial cells are densely cytoplasmic and rich in 
organelles and have numerous plasmodesmata. The endo- 
thelium with its cytological features seems to be well adapted 
for active transport of nutrients to the embryo sac. The pattern 
of I4C indicates that nutrient flux is unimpeded from the 
integuments to the endosperm, at the onset of degeneration of 
the cuticle-like layer of the endothelium. This mobilization of 
nutrients to the endosperm is likely an energy-requiring pro- 
cess mediated by the hydrolysis of ATP as is suggested by 
ATPase activity at the plasmalemma of endothelial cells of 
Saintpaulia (Mogensen 1981), Antirrhinum (He and Yang 
1991a), and Helianthus (He and Yang 19916). The endo- 
thelium may also actively accumulate nutrients against a con- 
centration gradient, as suggested by the high concentration of 
label in the micropylar adfunicular inner integument in this 
study. 
Label accumulates principally in the peripheral layers of endo- 
sperm and is likely used as a substrate for the continued divi- 
sions of the endosperm. As cellularization of the endosperm 
is completed, except for the chalazal process, label does not 
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appear to move from the peripheral layers to the centripetal 
endosperm cells. Because of the thin walls, paucity of organ- 
elles and plasmodesmata, and the absence of storage products, 
the centripetal endosperm is likely to be insignificant in the 
nutrition of the encroaching embryo. Although poorly labeled, 
the cellular endosperm may store water-soluble nutrients origin- 
ally stored in the large central vacuole of earlier stages. These 
water-soluble substances would have been lost during chemi- 
cal fixation and dehydration, and therefore the tissues would 
be weakly labeled. Freeze substitution methods coupled with 
autoradiography in a study similar to the present one is needed 
to determine if the central vacuole or central endosperm store 
these water-soluble nutrients. 
The cellular endosperm may act as a limited nutrient source 
for the developing embryo. The fibrillar material, which appears 
during the degeneration of the endosperm walls, seems to 
coalesce to form an electron-dense material between the endo- 
sperm cells. It is possible that these fibrils are cellulosic wall 
material and that the electron-dense material is a converted 
form of carbohydrate that is absorbed by the embryo. The evi- 
dent lack of additive accumulation of this substance in the 
embryo sac suggests this interpretation. 
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